Exposure of rabbits to cold or fasting results in marked increases in the number and size of liver lysosomes, associated with increases in the total and "free" proteolytic activity. Changes in Ivsosomal morphology also indicate increased activity and fragility.
We have previously described seasonal changes in the levels of fructose 1,6-bisphosphatase (EC 3.1.3.11; Fru-P2ase) activity in rabbit-liver extracts (1) and presented evidence that these may be related to changes in molecular properties of the purified enzyme and to variation in the levels of "free" (i.e., soluble) proteolytic activity in these extracts (2) . Fru-P2ase activity was high and "free" proteolytic activity low in extracts prepared from rabbit livers during the summer months, while the reverse was found with extracts prepared during the winter months. The enzyme purified from summer livers showed no evidence of proteolytic modification when it was examined by disc gel electrophoresis in sodium dodecyl sulfate, in contrast to the enzyme purified during the winter, which consistently yielded small amounts of a lighter subunit, as well as other evidence for proteolytic modification of the enzyme protein in vivo (2) .
We have now repeated these observations with rabbits kept under more accurately defined environmental and nutritional conditions, including exposure to warm and cold temperatures, feeding or fasting, and combinations of both. We have confirmed that the livers of fed animals kept at 25°contain high levels of Fru-P2ase activity and from these livers we have isolated a homogeneous form of the enzyme, containing four identical subunits, as defined by a number of parameters. In these animals, crude extracts of liver were found to be almost completely devoid of "free" proteolytic activity, and the normal lysosomal structure, as revealed by electron microscopy, was preserved.
On the other hand, exposure to cold, or fasting, or a combination of both, resulted in progressive changes, including (i) sharply lower levels of Fru-P2ase activity in crude liver extracts, (ii) the appearance of subunit inhomogeneity, (iii) increases in both total and "free" proteolytic activity in the isotonic liver extracts, and (iv) Electron Microscopy. Small pieces of fresh liver were trimmed and fixed for 2 hr in buffered 2.5% glutaraldehyde solution (5) and postfixed for 1 hr in 1.0% osmium tetraoxide solution (6, 7) . After dehydration in a graded ethanol series, they were embedded in Epon 812 (8) . Thin sections were stained with uranyl acetate and lead citrate and examined with a Siemens Elmiskop E.M. 101 electron microscope.
Lysosomal pellets were fixed for 30 min in buffered 2.5% glutaraldehyde and postfixed for 30 min in 1.0% osmium tetraoxide solution. Sectioning, staining, and subsequent operations were done as described for the liver fragments.
RESULTS
Effect of Cold and Fasting on Levels of Fru-P2ase Activity. The levels of Fru-P2ase activity in crude extracts were reduced to 50% of the control value when fed rabbits were exposed to cold temperature (Table 1 ). The decline in catalytic activity was the same whether measured at pH 7.5 or at pH 9.5, and there was no evidence for the accumulation of "alkaline" Fru-P2ase which was observed after prolonged digestion with subtilisin (3) .
Similar changes resulted during fasting. In fasted rabbits kept at 250 or 20, the decrease in Fru-P2ase activity reached 64 and 42% of the control value, respectively.
Effect of Temperature and/or Fasting on the Levels and
Distribution of Proteolytic Activity. The total proteolytic activity of the liver extracts increased several-fold during fasting or exposure to cold, and was 6-fold higher in animals exposed to both conditions (Table 1) . Even more striking were the changes observed in "free" proteolytic activity, defined as the activity present in the 10,000 X g supernatant solution (Fig. 1) . In contrast to the animals fed and kept at 250 where all of the proteolytic activity was associated with the lysosomal fractions, 60-70% of the proteolytic activity was present as "free" proteolytic activity in the extracts prepared from animals kept at 20 and fasted. This activity represents proteolytic activity that was released in vivo or during isolation of the lysosomes and reflects the increased fragility of the hyperactive lysosomes. Under conditions of both cold and fasting only 30-35% remained associated with the lysosomal material. It is also apparent that exposure of the animals to low temperature results in a greater release of proteolytic activity than fasting alone.
Correlation of Fru-P2ase Levels with Free Proteolytic Activity. The decrease in the Fru-P2ase levels in isotonic liver extracts is associated with the increased proteolytic activity in these extracts, and particularly with the increased activity in the soluble fraction ("free" proteolytic activity). However, although the proteloytic activity increased by 2- (8) 1.0 ± 0.1 0.62 ± 0.06 25.0 ± 2.0 10.9 ± 1.2 36.0 ± 3.0 * Livers were obtained from rabbits maintained as described in Methods. Livers from one to three animals were minced together and fractionated (see Fig. 1 ). The numbers in parenthesis indicate the number of experiments done for each set of conditions. A total of 15 animals was used in each group. The ratio of liver weight to total body weight did not change significantly under these conditions. t Fru-P2ase activity was assayed in the crude extracts as described in Methods. The values are expressed as the mean ±-SD.
Proteolytic activity was assayed as reported in Methods with the activities in supernatant I and supernatant II designated as total and free activity, respectively. The activity in the pellet is designated lysosome-bound activity. The values are expressed as the mean ± SD. 20 and fed, there was very little difference in the levels of FruP2ase (Table 1) .
Structural Properties of Fru-P2ase Isolated from Livers of Control Animals and from Fasted Rabbits Exposed to Low Temperatures. In order to define the changes in structural properties of Fru-P2ase produced by cold and fasting, the enzyme was purified and examined in sodium dodecyl sulfate disc gel electrophoresis (Fig. 2) . Except for the enzyme purified from livers of the control rabbits, all contained small amounts of a lighter subunit. The major band, accounting for 90-92% of the total protein, corresponded in mobility and size to the "heavy" subunit species which is characteristic of neutral Fru-P2ase (3). The lighter band, accounting for 8-10% of the total protein, has the same mobility as the lighter subunit which is formed during digestion of neutral Fru-P2ase with subtilisin (3) or with intact lysosomes (2) . It is of interest that the relative proportions of the two electrophoretic bands are not appreciably different after fasting at 250 or 20, although under these experimental conditions we observed marked differences in the levels of both Fru-P2ase activity and "free" proteolytic activity. This fact, together with the failure to detect "alkaline" Fru-P2ase activity after these changes in physiological conditions, suggests that the latter is either an artifact of the isolation conditions or is rapidly degraded in vivo to inactive smaller peptides.
We have also analyzed the tryptophan content of the various enzyme preparations ( Table 2 ). The enzyme purified from fed rabbits kept at 250 contained 4 equivalents of tryptophan per mol of protein, compared with less than one equivalent in the enzyme purified from animals kept at 20, despite the fact that the bulk of the enzyme was still composed of "heavy" subunits (Fig. 2) . The loss of tryptophan was confirmed by the shifts in the maximum of the fluorescence emission spectrum of both the native enzyme and the enzyme denatured in urea (Table 2) . Thus, (compare Table 1 ) the primary proteolytic event that occurs during the breakdown of liver Fru-P2ase appears to be the release of a small peptide containing tryptophan, without causing a significant decrease in the molecular weight of the enzyme subunit. It would appear that digestion by released lysosomal enzymes involves a different mechanism from that observed with subtilisin, since in the latter case the loss of tryptophan is correlated with the removal of a large peptide associated with the conversion of heavy (molecular weight, 36,000) to light (molecular weight, 30,000) subunitts (3, 10) .
Changes in Ultrastructure of Liver Lysosomes During Fasting and Exposure to Cold. In order to relate the changes in activities of Fru-P2ase and proteolytic enzymes to the state of liver lysosomes, we examined the ultrastructure of these organelles prepared from fed rabbits that had been maintained at 250 and from fasted animals that had been exposed to low temperature (Fig. 3) .
The most prominent changes observed in the preparations from fasted animals were the marked increase in the number of lysosomes as well as the appearance of a large number of autophagic vacuoles containing residual mitochondria, membranes, ribosomal particles, and amorphous material showing a high electron density. Fig. 3A shows a number of such autophagic vacuoles within two intact hepatocytes. These structures, which were observed in all of the pictures examined, are reminiscent of various stages of hyperactive lysosomes (6, 11, 12 ). An additional finding revealed by further magnification of the same section is that the largest autophagic vacuole shows a localized interruption of the membrane through which internal granules appear to be extruded (Fig.  3B) . A comparison of the lysosomal pellets from livers of control' animals ( Fig. 3C ) and treated rabbits (Fig. 3D) confirms the general picture observed in the intact hepatocyte. Thus, fasting and low temperature result in a higher content of lysosomes, most of which appear to be at a terminal stage of hyperactivity. At the interior of some autophagic vacuoles we detected well-preserved mitochondria and in others, fragments of membranes and granular material.
DISCUSSION
A number of previous reports from our laboratory suggested that proteolysis can modulate the activity of rabbit-liver Fru-P2ase through changes in its molecular properties as well as in its catalytic and regulatory parameters (2, 3, 10) . Such Proc. Nat. Acad. Sci. USA 70 (1973) (9), as reported (10) .
t Spectrofluorometric analyses of the native enzyme and the enzyme in urea were described elsewhere (10) . changes in structure and activity were observed on incubation of the native enzyme with intact lysosomes (2) . Since the levels of Fru-P2ase activity in crude liver extracts showed wide variations during the cold and the warm seasons (1) and since these changes appear to be correlated with the amount of free proteolytic activity (2), we have sought and found experimental conditions capable of reproducing these patterns.
The data reported in the present paper provide clear evi-I nce that in response to environmental conditions that eventiallly result in increased gluconeogenesis, rabbit-liver Frul': se undergoes significant changes in its molecular and functional properties, accompanied by functional and morphQlogical changes in the lysosomes. In particular, we have observed that starvation and/or exposure of the animals to low temperatures produce the following effects: (i) a decrease in the levels of Fru-P2ase activity, (ii) changes in the structural properties of the enzyme, (iii) an increase in the number and in the activity of hepatocyte lysosomes, and (iv) increase in the total and "free" proteolytic activity. These results suggest a relationship between the activity of an enzyme protein involved in gluconeogenesis and the levels apd distribution of cellular proteases.
Under the most severe conditions (animals fasted and kept at 20), the decrease in Fru-P2ase activity was comparable to that observed in the fed animals at 20 (Table 1) despite the fact that the total and "free" proteolytic activities were 2-fold higher. This result suggests that degradation of Fru-P2ase may be balanced by an enhanced synthesis of the enzyme, and we have preliminary evidence (unpublished data) to suggest that longer exposure to cold and fasting results in marked increases in the activity of this enzyme. This increased synthesis would provide a mechanism for maintaining levels of this enzyme adequate for gluconeogenesis.
In contrast to Fru-P2ase incubated with lysosomes or subtilisin in vitro (2, 10) , the enzyme isolated from fasted animals kept at 20 does not show substantial conversion to the form containing lighter subunits. It is of interest that despite the lack of evidence for a change in molecular weight (Fig. 2) , the enzyme lacks the single tryptophan residue that is located in the NHrterminal region of the enzyme (10) . This result shows that this tryptophan residue is very close to the NH2-terminus and also that the form lacking tryptophan represents the first species formed during degradation of Fru-P2ase in vivo. This species still retains the catalytic properties of the neutral enzyme (2) . The fact that the lighter subunit does not accumulate in vivo suggests that these intermediate forms may be rapidly degraded in the intact hepatocyte.
The morphological studies on lysosomes, carried out with both intact hepatocytes and with isolated particulate (lysosomal) fractions, reveal an increase in the total number of lysosomes and, more significantly, a marked state of hyperactivity with evidence of membrane breaks. These findings may explain the increased fragility of the lysosomes and the accompanying increases in the levels of "free" proteolytic activity.
Supported by grants from the Italian CNR and by Research Grant GM 19526 from the National Institutes of Health to the University of Genoa. Portions of the investigation performed at the Albert Einstein College of Medicine were supported by Research Grant GB 23359, from the National Science Foundation, under the US-Italy Cooperative Science Program.
